Sex and age affect the pulmonary circulation. Whether there may be racial differences in pulmonary vascular function is unknown. Thirty white European Caucasian subjects (15 women) and age and body-size matched 30 black sub-Saharan African subjects (15 women) underwent a cardiopulmonary exercise test and exercise stress echocardiography with measurements of pulmonary artery pressure (PAP) and cardiac output (CO). A pulmonary vascular distensibility coefficient ␣ was mathematically determined from the natural curvilinearity of multipoint mean PAP (mPAP)-CO plots. Maximum oxygen uptake (V O2max) and workload were higher in the whites, while maximum respiratory exchange ratio and ventilatory equivalents for CO2 were the same. Pulmonary hemodynamics were not different at rest. Exercise was associated with a higher maximum total pulmonary vascular resistance, steeper mPAP-CO relationships, and lower ␣-coefficients in the blacks. These differences were entirely driven by higher slopes of mPAP-CO relationships (2.5 Ϯ 0.7 vs. 1.4 Ϯ 0.7 mmHg·l Ϫ1 ·min; P Ͻ 0.001) and lower ␣-coefficients (0.85 Ϯ 0.33 vs. 1.35 Ϯ 0.51%/mmHg; P Ͻ 0.01) in black men compared with white men. There were no differences in any of the hemodynamic variables between black and white women. In men only, the slopes of mPAP-CO relationships were inversely correlated to V O2max (P Ͻ 0.01). Thus the pulmonary circulation is intrinsically less distensible in black sub-Saharan African men compared with white Caucasian Europeans men, and this is associated with a lower exercise capacity. This study did not identify racial differences in pulmonary vascular function in women.
race; pulmonary vascular resistance; pulmonary vascular compliance; exercise; echocardiography; maximum oxygen uptake; cardiopulmonary exercise test PULMONARY VASCULAR RESISTANCE (PVR) decreases with progressively increased levels of exercise, and this is explained by a distension of resistive vessels (20, 22) . Accordingly, multipoint mean pulmonary artery pressure (mPAP) vs. cardiac output (CO) relationships are slightly curvilinear and best fitted by a mathematical distensibility model of the pulmonary circulation (18) . Thus the PVR equation can be improved by the incorporation of a resistive vessel distensibility coefficient ␣, expressed as percent increase in diameter per millimeters of mercury of pressure:
where LAP is left atrial pressure and TPVR is total PVR. (18, 20, 22) . The distensibility coefficient ␣ has been measured in vitro to be on average of 2%/mmHg and found to be remarkably constant over a wide range of animal species (18) . An ␣-value between 1 and 2%/mmHg has been recalculated from the slight curvilinearity of multipoint mPAP-CO plots in fully recruited isolated perfused lungs (18) as well as in intact human beings studied by invasive (20, 22) or noninvasive (1, 8, 17, 20) methods. A more distensible pulmonary circulation limits the increase in PAP during exercise and is associated with a lower slope of linearly fitted mPAP-CO relationships and a more important exercise-induced decrease in PVR (20) . A recent exercise echocardiography study has shown that premenopausal women have shallower mPAP-CO relationships due to a more distensible pulmonary circulation compared with age-matched men (1) . Steeper slope of mPAP-CO relationships has been reported to be associated with a lower maximum oxygen uptake (V O 2max ) (5, 16, 17) , higher circulating brain natriuretic peptides (16) , and depressed imaging of right ventricular (RV) systolic function (5) , suggesting that RV afterload may modulate aerobic exercise capacity in healthy subjects.
Pulmonary arterial hypertension (PAH) is more common in women than in men but of better prognosis (2, 12, 27) . Women under the age of 45 yr with PAH present with a higher right ventricular ejection fraction (14) and lower PVR (27) at time of diagnosis suggesting less severe disease. On the other hand, black African Americans compared with white Americans of European descent present with more severe disease and a poorer survival (3, 7, 15) . If intrinsic differences in pulmonary vascular function matter to the prognosis of pulmonary vascular disease (19) , one could hypothesize that black African Americans might have an intrinsically less distensible pulmonary circulation.
In this study, we investigated the pulmonary circulation and exercise capacity in black sub-Saharan Africans compared with age and sex-matched white Caucasian Europeans. We hypothesized that blacks would present with higher slopes of mPAP-CO relationships and that these differences would modulate aerobic exercise capacity.
METHODS
The study included 30 black subjects of sub-Saharan descent and 30 age-, sex-, and body size-matched Caucasian European white subjects. They were selected after a screening for quality of echocar-diographic signals, which led to exclusion of 10 candidate participants. All of the subjects included in the study had always been living at sea level. None of them were trained athletes but acknowledged an active lifestyle. The black subjects were born in Africa and had been living in Belgium for 5-7 yr. All the subjects declared themselves in good health and were nonsmoking. Their physical examination was normal. The electrocardiogram was normal in all of them. The study was approved by the Ethical Committee of the Erasmus University Hospital and all participants provided written informed consent.
The subjects reported to the laboratory on two occasions within a week. The first visit consisted of an incremental cardiopulmonary exercise test on a cycle ergometer (Ergoselect II 1200; Ergoline, Bitz, Germany) to determine V O2max. Workload was increased by 20 W/min in the women and 25 W/min in the men until exhaustion. Breath-by-breath data were collected and analyzed every 5 s using a metabolic system (CPX; Medgraphics, St Paul, MN) that was calibrated with room air and standardized gas. V O2max was considered to be achieved when two of the following criteria were met: an increase in V O2 of Ͻ100 ml/min with a further increase in workload, a respiratory exchange ratio Ͼ1.1, or achievement of age-predicted maximal heart rate. The second visit consisted of a standard resting echocardiographic examination, followed by an incremental exercise test in combination with echocardiographic measurements. For this second exercise test, initial workload was set at 0 W and workload increased by 20 W/2 min for both men and women, until exhaustion. Echocardiographic measurements were performed during the last min at each workload.
Echocardiography. Doppler echocardiography measurements were continuously obtained with a portable ultrasound system (CX50 CompactXtreme Ultrasound System; Philips, Amsterdam, The Netherlands) during the incremental exercise test on a semirecumbent cycle ergometer laterally tilted by 20 -30°to the left, as previously reported (1, 8, 17) . Stroke volume was estimated from left ventricular outflow tract cross-sectional area measured at rest and pulsed Doppler time-velocity integral measurements. CO was calculated as stroke volume times heart rate. Systolic PAP (sPAP) was estimated from a trans-tricuspid pressure gradient calculated from the maximum velocity of continuous Doppler tricuspid regurgitation (TRV) and corrected for right atrial pressure as sPAP ϭ 4 ϫ TRV 2 ϩ 5 mmHg. No contrast was used. Good quality signals were recovered in all the subjects up to maximum exercise. LAP was estimated from the ratio of Doppler mitral E flow-velocity wave and tissue Doppler mitral annulus e' velocity. Mean PAP was calculated as 0.61 ϫ sPAP ϩ 2 mmHg.
Blood pressure was taken at each level of exercise and pulse oximetry oxygen saturation (Sp O 2 ) was continuously monitored with a finger pulse oximeter (Nellcor Puritan Bennett, Pleasanton, CA).
Data analysis and statistics. Multipoint mPAP-CO plots were tested for linearity and slopes were calculated from linear regressions. Average slopes were also calculated from pooled mPAP-CO relationships of each study group using an adjustment for individual variability as reported by Poon (21) . A distensibility coefficient ␣, in percent diameter change per mmHg pressure was also calculated using the equation:
with resting and exercise measurements of mPAP, LAP, TPVR, and CO of each subjects, as reported previously (1, 8, 17) . Repeated measures ANOVA and Student's t-tests were used to compare the four groups. Pearson's correlation coefficient was used for the analysis of associations between variables. Results are expressed as means Ϯ SD. P Ͻ 0.05 was considered significant.
RESULTS
The white and black male and female subjects were well matched by age and body size. The female subjects were smaller than the male subjects, but there was no sex-related difference in body mass index (Table 1) .
Stress echocardiography. As shown in Table 2 , hemodynamic measurements in black and in white subjects were not different at rest, but the whites achieved higher maximum CO. TPVR at maximum exercise was higher in the blacks. When mPAP were interpolated at the same highest CO, mPAP was higher in the blacks, with higher slope of mPAP-CO and TPVR, and lower ␣-coefficient. Table 3 shows the same pulmonary hemodynamic measurements in the subgroups of white and black men and women. In this table CO was indexed [cardiac index (CI)] to normalize for differences in body size between men and women. Higher TPVR, slopes of mPAP-CO and lower ␣ in the blacks were entirely driven by the measurements in men. Poon-adjusted linear mPAP-CO relationships are illustrated in Fig. 1 , showing higher exercise mPAP and higher mPAP-CO slopes in the black men. Six of the black men had mPAP-CO relationships Ն3 mmHg·l Ϫ1 ·min. The highest mPAP-CO relationship was 3.7 mmHg·l Ϫ1 ·min in a healthy black man. There were no differences in exercise pulmonary hemodynamics between black and white female subjects. Cardiopulmonary exercise test. Exercise capacity was higher in the whites, as assessed by higher V O 2max , workload, and higher V O 2 at the anaerobic threshold (Table 4) . Maximal ventilation was higher and Sp O 2 lower in the whites. These racial differences were confirmed in the male vs. female subgroups (Table 5) . Women compared with men had lower exercise capacities, lower systolic blood pressure, and increased V E/V CO 2 at anaerobic threshold.
As illustrated in Fig. 2 , male subjects with the highest V O 2max had the lowest slopes of mPAP-CI and the highest ␣-coefficient, while there was no correlation between V O 2max and mPAP-CI slopes or ␣-coefficient in women of either race.
DISCUSSION
The present results suggest that the pulmonary circulation is intrinsically less distensible in black sub-Saharan African men compared with white Caucasian European men and that this is associated with a lower aerobic exercise capacity.
The functional state of the pulmonary circulation was evaluated noninvasively by Doppler echocardiography. This is still commonly thought to be unreliable (23) . However, compared with gold standard invasive measurements, Doppler echocardiographic estimates of mPAP, LAP, and CO have been shown to be accurate even though limited precision could be a problem, as quantified by trivial biases but relatively large limits of agreement shown by Bland and Altman analyses (6) . The same validation has not been reported yet for exercise measurements, but slopes and limits of normal of mPAP-CO relationships in noninvasive and invasive studies report on the same average values, with upper limits of normal estimated at 3 mmHg·l Ϫ1 ·min (11, 20) . We therefore believe that Doppler echocardiography can be reasonably considered to be reliable for the exploration of the pulmonary circulation in population studies. However, it has to be mentioned that exercise stress echocardiography of the pulmonary circulation is difficult and that even with the highest possible dedication and training recovery of sufficient quality signals is not always possible. The recovery rate of TRV was 83% in the present study, which is comparable to previously reported 87% (1) . Other studies report lower recovery rates, down to 63% (5).
We and others have previously shown steeper linearized mPAP-CO relationships and lower distensibility of the pulmonary resistive vessels in sedentary compared with highly trained individuals (16, 17) , older subjects (1), men compared with premenopausal women (1) and chronically hypoxic sub- Values are means Ϯ SE. V O2, oxygen consumption; HR, heart rate; V E, ventilation; SpO 2 , arterial oxygen saturation; RER, respiratory exchange ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; V CO2, carbon dioxide production. *P Ͻ 0.05, ‡P Ͻ 0.001, difference between Africans and Caucasians.
jects (8) . In the present study, 6 of the black subjects had mPAP-CO relationships Ն3 mmHg·l Ϫ1 ·min, with the highest being 3.7 mmHg·l Ϫ1 ·min. A cut-off value of 3.5 mmHg·l Ϫ1 ·min (or 35 mmHg at a CO Ͻ10 l/min) might therefore be a more generally applicable upper limit of normal of the pulmonary circulation.
In the present study, women had a more distensible pulmonary circulation than men, confirming previous report (1).
However, this was significant only when the data of all the subjects were pooled. In the subgroup of whites, there was no difference in ␣ between men and women. This discrepancy may be explained by a type II error due to the small subgroup sample size of the present study and small previously reported numerical sex difference in ␣ (1.6% Ϯ 1.3%/mmHg vs. 1.1% Ϯ 0.6%/mmHg, P Ͻ 0.05) (1) .
The present results confirm previous report of an inverse relationship between slope of mPAP-CO relationships and aerobic exercise capacity (5, 16, 17) . Lower PAP at high levels of cardiac output are associated with a decreased RV afterload and may therefore allow for a higher RV flow output resulting in an increased convectional O 2 transport to the exercising muscles. This has not been directly demonstrated but is strongly suggested by the finding of higher circulating brain natriuretic peptide (16) and depressed indexes of RV systolic function (5) in subjects with steep mPAP-CO relationships.
Several epidemiological studies suggest that black African American subjects have a lower aerobic exercise capacity compared with age-, sex-, and body size-matched white Caucasians of European descent (26) . Reported differences have varied in size depending on methods of evaluation and inevitable selection biases. In the Health Risk Factors Exercise Training and Genetics Study, V O 2max was on average 4 ml·kg Ϫ1 ·min Ϫ1 lower in blacks compared with whites over a wide range of ages, from 17 to 65 yr, and in both men and women (25) . These data are confirmed in the present study, but with a larger difference in V O 2max , by an average of 9 ml·kg Ϫ1 ·min Ϫ1 , which may be related to younger age and also to lifestyle. The reasons why blacks have lower exercise capacities than whites are not exactly known. Available data point at differences in muscle fiber type, hemoglobin, and Shallower slopes of mPAP-CI and higher ␣ were associated with a higher aerobic exercise capacity in men, not in women.
physical activity levels (26) . The present study suggests that a less distensible pulmonary circulation might also contribute, at least in male subjects. Differences in social, economical, and psychological status may always confound racial comparisons. This was not quantified in the present study. However, psychosocial variables were recently shown not to account for racial differences in exercise capacity in subjects at risk of cardiovascular diseases (4) .
Black African Americans compared with white Americans of European descent have a higher prevalence of hypertension and higher mortality rates for most cardiovascular diseases (13) . Even when brachial blood pressure is the same as in white controls, young black men have greater aortic systolic blood pressure, increased carotid intima-media thickness, and stiffer systemic arteries together with increased pulse wave velocity and altered flow-induced responses, suggesting diffuse vascular dysfunction (10) . Whether this translates to the pulmonary circulation remains an open question, even though there had been previous suggestion of shared systemic and pulmonary vasoconstrictive mechanisms (9) . Furthermore, one does not known if results from studies on black African Americans are transposable to recently immigrated black sub-Saharan African Europeans.
In conclusion, young adult black sub-Saharan African men have a constitutively stiffer and more resistive pulmonary circulation than matched white Caucasian European men and this is associated with a lower aerobic exercise capacity. This racial difference was not identifiable in young adult women in the present study. How sex and race differences in the pulmonary circulation might influence outcome once pulmonary vascular disease develops remains unclear.
